Infection of the lower respiratory tract by influenza A viruses results in increases in inflammation and immune cell infiltration in the lung. The dynamic relationships among the lung microenvironments, the lung, and systemic host responses during infection remain poorly understood. Here we used extensive systematic histological analysis coupled with live imaging to gain access to these relationships in ferrets infected with the 2009 H1N1 pandemic influenza A virus (H1N1pdm virus). Neutrophil levels rose in the lungs of H1N1pdm virus-infected ferrets 6 h postinfection and became concentrated at areas of the H1N1pdm virusinfected bronchiolar epithelium by 1 day postinfection (dpi). In addition, neutrophil levels were increased throughout the alveolar spaces during the first 3 dpi and returned to baseline by 6 dpi. Histochemical staining revealed that neutrophil infiltration in the lungs occurred in two waves, at 1 and 3 dpi, and gene expression within microenvironments suggested two types of neutrophils. Specifically, CCL3 levels, but not CXCL8/interleukin 8 (IL-8) levels, were higher within discrete lung microenvironments and coincided with increased infiltration of neutrophils into the lung. We used live imaging of ferrets to monitor host responses within the lung over time with [
T he annual impact of seasonal influenza A viruses (IAV) on public health is fairly predictable and is mostly preventable in normal, healthy populations with currently available vaccine strategies (1) (2) (3) . However, novel IAV variants arising from antigenic shifts in zoonotic reservoirs are not predictable and may not be immediately preventable with contemporary vaccines (4) (5) (6) . In the past 100 years, IAV with high transmissibility and virulence (1918 H1N1 IAV), high transmissibility and moderate virulence (2009 H1N1 pandemic IAV) , and low transmissibility and high virulence (H5N1 and H7N9 IAV) have emerged (7) (8) (9) . The virulence factors of IAV have been attributed to specific mutations in the viral proteins hemagglutinin (HA) and polymerase basic protein 2 (PB2) (10, 11) . Moreover, the specific sialic acid-binding affinity of the HA determines the types of cells infected in the respiratory tract and hence the location of infection (i.e., upper versus lower respiratory tract) (12, 13) . In general, IAV strains that are able to infect the lower respiratory tract cause more inflammation and have greater lethality (13) (14) (15) (16) .
Controlled inflammation is required for the resolution of IAV infection, yet increased inflammation is correlated with moresevere influenza disease, and a dysregulated immune response to infection with highly pathogenic avian influenza (HPAI) viruses (e.g., H5N1 IAV) may be fatal (17, 18) . Seasonal H3N2 and H1N1 IAV typically infect only the upper respiratory tract and result in mild inflammation of the nasopharynx and trachea. Increased inflammation in the lung was observed in cases of infection with the 2009 pandemic H1N1 (H1N1pdm) IAV, which caused higher mortality than seasonal strains (19) (20) (21) (22) (23) (24) . Studies with humans and ferrets show that HPAI (e.g., H5N1 IAV) and H1N1pdm viruses infect and replicate well in the lower respiratory tract (15, 25) , yet cases of H1Npdm virus infection showed much lower lethality than H5N1 IAV infection and did not cause severe immune dysregulation. Thus, the precise relationship between the location of infection and the location of inflammation is complex, and pathogenesis may depend on other specific immune responses to certain IAV isolates.
We know very little about how most viral respiratory infections and the resulting immune responses progress in real time within the local microenvironments of the upper and/or lower respiratory tract in humans or in animal models. Live, whole-body imaging of pathogens or host responses may offer a bridge to gain insight into these dynamics (26) . During the 2009 H1N1pdm virus outbreak, molecular imaging of patients revealed that [ 18 F]fluorodeoxyglucose (FDG) expression increases and becomes concentrated in sites of consolidation and ground-glass opacities within the lung (22, 23, 27, 28) . This motivated our exploration of live FDG imaging in the ferret model of IAV infection (29) . The ferret serves as a critical animal model with which to ask questions regarding IAV disease progression, given the similarity of its clinical signs and disease with those in humans (29) (30) (31) (32) . As observed for human cases of H1N1pdm virus disease, H1N1pdm virus-infected ferrets had a focal pattern of FDG uptake in the lungs that correlated with bronchiolitis and bronchitis histopathology scores (29) . We and others have shown that IAV infection initiates in discrete foci of the respiratory tract (29, 33, 34) . Viral replication triggers inflammation in the form of cytokines, chemokines, and the infiltration of innate immune cells into the lungs (20, 35, 36) . Cellular uptake of FDG in acute lung injury correlates with inflammatory cell infiltration (37, 38) . We and others have hypothesized that cellular uptake of FDG in the lung following infection may be due to the infiltration of inflammatory cells, e.g., neutrophils and monocytes (29, 39, 40) . Neutrophils are among the first cells to respond to many types of inflammation, particularly inflammation associated with bacterial infection (41) (42) (43) . Neutrophils perform many functions during bacterial infection (e.g., phagocytosis, release of antibacterial proteases, and generation of reactive oxygen species), yet very little is known about their contributions during viral infections (44) . In mild and severe human cases of influenza, levels of neutrophils and neutrophil chemoattractant signals are elevated in blood and nasal lavage fluid and are independent of bacterial coinfection (20, 22, (45) (46) (47) (48) . In mouse models of influenza, depletion of neutrophils results in increased virus replication and increased disease severity (49) (50) (51) (52) . However, it is known that neutrophil levels are increased in the lungs of mice during severe IAV infection (16, 17, (53) (54) (55) .
Currently, we know very little about the timing and spatial distribution of neutrophils as they infiltrate the lungs following viral infection or, importantly, about how they function in disease resolution or exacerbation. Here we used an extensive systematic histological analysis coupled with live imaging to probe the temporal dynamics of virus distribution and inflammation within microenvironments of the lungs of ferrets infected with a clinical H1N1pdm IAV isolate. Given their importance early in infection, we focused on neutrophils and hypothesized that neutrophils would migrate preferentially to sites of IAV infection, creating an inflammatory microenvironment (40, 41, 44, 56) . IAV distribution, neutrophil accumulation, and selected immune gene expression profiles were measured within discrete sections of a lung lobe. We show that the recruitment of neutrophils to the lung following infection occurs in two waves, coincides with chemokine gene expression, and may reflect two different states of neutrophil activation. Using extensive histological sampling, we show that neutrophilic inflammation correlates with the temporal and spatial distribution of IAV in the lungs of infected ferrets. Importantly, neutrophil recruitment and accumulation occur at the tissue level (i.e., the whole lung) and at sites of IAV infection. Finally, we show that FDG uptake in the infected lungs is not due to neutrophilic infiltrates but correlates with epithelial cell proliferation and regeneration following infection.
MATERIALS AND METHODS
Virus and viral titers. Ferrets were infected with a clinical isolate of IAV H1N1pdm (A/Kentucky/180/2010), taken in a fatal case of H1N1pdm influenza (57) , that has been described previously in ferret (29) , DBA/2 mouse (57), and human primary cell culture (58) models. The virus was grown in 10-day-old embryonated hen eggs and was diluted in phosphate-buffered saline (PBS). The concentration of virus stock was determined using a 50% tissue culture infectious dose (TCID 50 ) assay in Madin-Darby canine kidney cells as described previously (29) .
Ferrets, ferret virus challenge, and ethics statement. Four-monthold (16-to 20-week-old) female Fitch ferrets were obtained from Triple F Farms (Sayre, PA, USA). Ferrets were determined to be seronegative for the A/Uruguay/716/2007 (H3N2), seasonal A/Brisbane/59/2007 (H1N1), and A/Kentucky/180/2010 (H1N1pdm) subtypes of IAV by a hemagglutination inhibition assay (29) . Animals were housed for an acclimation period of at least 1 week at the University of Louisville Regional Biocontainment Laboratory prior to virus challenge. (This research facility is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International.) Animals were maintained on a 12-h light/dark cycle and were provided Teklad laboratory animal diet 2072 (Harlan Laboratories, Madison, WI) and water ad libitum. The research described here complied with federal statutes and regulations relating to animal experimentation, including the Animal Welfare Act, and adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals (59) . Experiments involving ferrets were approved by the University of Louisville Institutional Animal Care and Use Committee.
Ferrets were inoculated with 10 6 TCID 50 s of influenza A/Kentucky/ 180/2010 (H1N1pdm) virus as a 1-ml bolus. To prepare animals for infection with the virus, ferrets were sedated by intramuscular administration of 0.05 mg atropine, 5.0 mg ketamine, and 0.08 mg dexmedetomidine per kg of body weight. Sedated ferrets were held with their noses pointing upwards and necks extended while 0.5 ml of virus or PBS was given per naris. Following intranasal (i.n.) inoculation, animals were held in place for 1 min before anesthesia was reversed with 0.4 mg/kg atipamezole. Following infection, ferrets were assessed daily for temperature and weight and were monitored twice daily for clinical signs (dyspnea, nasal and ocular discharges, loss of appetite, neurological signs, sneezing, lethargy, anorexia, diarrhea, and other abnormalities) through the comple-tion of the study. Body temperatures were measured via subcutaneous implanted microchip IPTT transponders (BioMedic Data Systems, Inc.). Right caudal lung tissues were snap-frozen in liquid nitrogen and were stored at Ϫ80°C until they were homogenized and stored in TRIzol reagent (Invitrogen). Blood was taken in sodium-EDTA tubes and was stored in TRIzol. Other lung tissues were taken for immunohistochemistry (IHC) as described below.
Analysis of gene expression levels by reverse transcription-PCR (RT-PCR).
Previously, the right caudal lung lobe of each ferret was divided into four sections, and each section was homogenized for the quantification of virus by determining the TCID 50 (29) . Following homogenization, a portion of the lung tissue was placed in TRIzol reagent and was stored at Ϫ80°C. Here, total RNA was extracted from these samples, and 1 g RNA was used to make cDNA using SuperScript III reverse transcriptase (Life Technologies). Ferret mRNA gene-specific primers were generated by using published ferret sequences (Table 1) . Primers were designed to span exons when possible by comparison to known human and canine splice sites. Primers were chosen to identify cell type-specific targets (e.g., granulocyte colony-stimulating factor receptor [G-CSFR; encoded by the . Real-time PCR was performed using SYBR green dye on a ViiA 7 real-time PCR machine (Applied Biosystems). Primers were validated using mitogen-stimulated whole blood from donor ferrets (Marshall Farms) (data not shown). Measurements of fold increases in transcript levels were compared to the transcript levels of housekeeping genes (glyceraldehyde-3-phosphate dehydrogenase [GAPDH; encoded by the Gapdh gene]) and average transcript levels in mock-infected animals by using the ⌬⌬C T method; the fold change is expressed here as the 2 Ϫ⌬⌬CT value. Histology. Lungs were inflated with 10% neutral buffered formalin and were fixed for 48 h. Lungs were trimmed, placed in cassettes, dehydrated through ethanol to D-limonene, paraffin embedded, and sectioned at a thickness of 5 m. For systematic sampling of the lungs, the right and left caudal lung lobes (RCa and LCa, respectively) were trimmed into four consecutive transverse slices approximately 0.5 cm thick, moving from the lung hilum to the posterior of the lobe, as illustrated in Fig. 1 . Sections (numbered 1, 2, and 3 in Fig. 1 ) followed the main bronchus to approximately the lower middle of the lung (Fig. 1, left) . The sections were paraffin embedded, and two serial 5-m sections were mounted on each glass slide (Fig. 1, center) . Slides were dewaxed in 3 xylene washes and were rehydrated in decreasing ethanol gradients to water for IHC, and regions of the slides were photographed and analyzed (e.g., Fig. 1 , right, boxed areas).
IHC and tissue staining. Rehydrated tissue slides were incubated in 3% hydrogen peroxide and avidin-biotin blocking buffer (Vector Labo- ratories) for 15 min each at room temperature before being blocked in 5% fetal calf serum for 1 h at room temperature. For the detection of IAV nucleoprotein (NP), antigen was retrieved with 1% pronase in a CaCl 2 solution and was detected with a primary monoclonal antibody (HB65 clone EVS238; EastCoast Bio, Inc.) (60) , and avidin-biotin complex amplification (Vector Laboratories) was used to visualize the antibody with diaminobenzidine (DAB) peroxidase as the substrate. The slides were dehydrated through increasing ethanol gradients, cleared in xylenes, and mounted under a cover glass with a toluene solution. Neutrophils were stained pink by a 30-min incubation in naphthol AS-D chloroacetate esterase (NACE) at 37°C according to the manufacturer's instructions (Sigma-Aldrich), and one serial section was counterstained with hematoxylin to identify anatomical features. Slides were mounted with a cover glass under an aqueous mounting medium (VectaMount AQ; Vector Laboratories). For each NACE-stained slide, the next consecutive slide was similarly stained for IAV antigen. For both NACE and NP staining, one section per slide was counterstained with hematoxylin for anatomical reference, and a second, unstained section was used for image processing as described below. The Ki-67 and histone H3 antigens were retrieved by heating rehydrated slides in a 72°C water bath overnight in target retrieval buffer (Dako). A monoclonal antibody cross-reactive to ferret Ki-67 (clone MIB-1; Dako) was used as described above and stained with the DAB peroxidase substrate, and a rabbit polyclonal anti-human histone H3 antibody (Abcam) was stained red with the Vector Red alkaline phosphatase substrate (Vector Laboratories). Sirius Red staining was performed by incubating rehydrated tissue slides for 30 min in saturated picric acid containing 0.1% Sirius Red and 0.1% Fast Green and then dehydrating and mounting the slides under Permount mounting medium (Fisher Scientific).
IHC analyses. Images from IHC slides were analyzed with the "Threshold Colour" plugin of the Fiji package of ImageJ software (61) . Briefly, pixels of a certain hue and saturation (bright pink for NACE-stained neutrophils, red for Sirius Red-stained collagen, and brown for DAB-stained NP-positive or Ki-67-positive cells) were selected, and the percentage of total pixels was calculated for each image. The percentage of consolidation was determined by converting each image to a high-contrast 8-bit (blackand-white) image and calculating the percentage of black pixels (i.e., the number of pixels containing tissue, eliminating airspace). A Java computer language script (available on request) was generated to analyze all images in the same way using validated settings. Neutrophil density is reported here as the percentage of NACE-positive pixels divided by the percentage of consolidation in a single image. To validate this measurement, two independent observers counted the number of NACE-positive neutrophils in 50 images. There was a 95% correlation between the automated method and visual inspection (data not shown).
Comprehensive, systematic sampling of the caudal lung lobes was performed by a blinded observer choosing four regions per NACE-stained tissue section and photographing three images per region at ϫ20 magnification ( Fig. 1 , right, boxed areas). To correlate the number of neutrophils with foci of IAV infection, NP antigen-positive areas were photographed, and their anatomical locations (i.e., bronchial epithelium, bronchiolar epithelium, submucosal epithelium, alveolar region) were recorded. The same site was located on the NACE-stained slides and was photographed (i.e., a serial section of tissue no more than 15 m away from the NP-positive site). IAV NP antigen-negative regions were anatomically site-matched to NP-positive foci located in the same general regions (e.g., a region of bronchiolar epithelium that was antigen negative was selected on a slide where bronchiolar epithelium was antigen positive, and therefore the antigen-negative region was always Ͻ0.5 cm from the original antigen-positive focus). NACE-positive neutrophils, IAV NPpositive cells, and areas of Sirius Red-stained collagen were quantified using automated image analysis as described above. The number of Ki-67-positive cells per slice was estimated by two observers using a scoring index (62, 63) .
Ferret molecular imaging.
Ferrets were anesthetized by isoflurane induction, and 2 mCi of FDG was administered intraperitoneally as described previously (29, 64) . The dose was confirmed before and after injection with an Atomlab 500 dose calibrator (Biodex Medical Systems Inc., Shirley, NY). Ferrets were kept warm under sedation with isoflurane for 1 h prior to intubation and during imaging using the Siemens trimodal platform as described previously (29, 64) . Following imaging, ferrets were removed from isoflurane, given intramuscular ketamine (5 mg/kg) and dexmedetomidine (0.08 mg/kg), and immediately euthanized by cardiac exsanguination.
PET-CT image analysis. After positron emission tomography (PET) and computed tomography (CT) images were acquired from the trimodal scanner, PET images were aligned to CT anatomical reference space in order to provide one-to-one voxel correspondence between anatomical and functional images. Since pathology on CT (e.g., consolidation) can confound true lung volume and boundary estimation, the lungs were segmented from CT images using a robust algorithm (i.e., interactive region growing) proposed in reference 65, by which users had a chance to correct any missegmented lung portion interactively if necessary. Then significant uptake regions were segmented using an affinity propagationbased PET delineation algorithm (66) . Once all the metabolically active lesions were identified and delineated, maximum standard uptake values (SUVmax) and maximum intensity values were calculated as an evaluation metric for FDG uptake. These measurements were taken from regions coinciding with histopathology slices, which were manually located on the registered and segmented PET-CT scans. The alignment between histology and PET-CT images was ensured by processing 9-parameter affine registration and using prior knowledge about anatomy, particularly the airway structures and the lung lobes. For airway structure extraction, we used the hybrid algorithm for delineation of the airway tree as proposed in reference 67. Due to the 2-dimensional (2D) nature of the histopathology slices, registration operations were all carried out in 2D. After alignment of the histopathology slices into PET-CT scans, in vivo imaging correlation with histopathology slices was explored.
Statistical analyses. All statistical analyses were performed using R, version 2.13.0, and GraphPad Prism, version 5. In general, nonparametric statistical tests were used as stated in Results; even when the sample size was large, nonindependent measurements for the same ferret made parametric analyses undesirable. Pairwise post hoc tests were adjusted for multiple comparisons using Bonferroni's method. For generalized linear modeling of neutrophil density, variables such as the time postinfection, the individual ferret, the lung lobe in the ferret, and the sample region within the lung lobe approximated a nested block design with repeated measures within ferrets, and within lobes within ferrets. The fully factorial model was reduced using stepwise regression to find the best-fitting model as determined by significant reduction in the Akaike information criterion. For all statistical tests, the type I error rate was set to an ␣ value of 0.05, although P values of Ͻ0.1 are given consideration here due to sample size limitation and pseudoreplication as discussed below.
RESULTS
We have shown previously that infection of ferrets with the H1N1pdm virus (A/Kentucky/180/2009) causes moderate disease, evidenced by a brief febrile period, low weight loss, and clinical signs recorded during infection (i.e., lethargy, rhinorrhea) (29) . Virus was detected in nasal swabs, throat swabs, nasal turbinates, and right caudal lung lobes on 1, 2, and 3 days postinfection (dpi) but was undetectable by 7 dpi (one animal had small amounts of virus in nasal and throat swabs on 7 dpi) (29) . Histopathology revealed focal bronchitis and bronchiolitis characterized by infiltration of leukocytes (neutrophils and exudate macrophages) during H1N1pdm virus infection (29) . Cellular uptake of FDG correlates with leukocytic infiltration in certain model systems (38) (39) (40) . In this ferret model, we have observed progres-sive increases in FDG uptake in distinct foci of the H1N1pdm virus-infected ferret lung (29) . Therefore, here, we tested the overarching hypothesis that FDG uptake during infection of ferrets with IAV was due to infiltrating neutrophils and macrophages. We first determined which leukocytes were likely to exhibit increased expression in these regions by measurement of immune gene expression profiles within discrete lung microenvironments.
Lung microenvironments of IAV infection have increased CCL2 and CCL3 gene expression. First, the expression of signature immune genes was analyzed in the right caudal lobes of one mock-infected ferret and two H1N1pdm virus-infected ferrets on 1, 2, 3, and 7 dpi. As stated above, the right caudal lobe had the greatest levels of FDG uptake following infection (29) . Primers for IAV HA and inflammatory cytokines and chemokines were used to confirm the presence of the virus and the host immune response to infection. Genes were chosen to detect cytokines and chemokines that are known to show increased expression during the acute phase of influenza virus infection and that are important for leukocyte activation and chemoattraction (e.g., IFN-␤, TNF-␣, IL-6, CCL2, CCL3, and CXCL8). First, IAV HA mRNA was detected at 1, 2 and 3 dpi, but not 7 dpi, and was not uniformly distributed within the right caudal lobe (data not shown). This matched the pattern of IAV infection as measured by the TCID 50 assay and reported previously for the same ferret lung sections (29) . Fold changes in the expression of inflammatory cytokine (IFN-␤, TNF-␣, IL-6) and chemokine (CCL2, CCL3, CXCL8) genes in sections were compared to expression in mock-infected controls. No significant change in inflammatory expression levels was detected in the blood (data not shown). In some lung sections from infected ferrets, but not in all, levels of the cytokines IL-6 and TNF-␣ (not shown) were elevated at 2 dpi. Other inflammatory signals (e.g., IFN-␤, CXCL8) were not elevated above those in mock-infected animals (data not shown). The expression levels of the CCL2 and CCL3 genes were both slightly increased at 1 dpi and significantly increased at 3 dpi (P Ͻ 0.05) (Fig. 2) .
Neutrophil-specific gene expression is detected in lung microenvironments. Primers for leukocyte-specific genes that encode cell surface receptors and other cell-specific proteins were used to determine the presence of neutrophils (G-CSFR, MPO, ELANE, CD11b), macrophages (M-CSFR, CD11b), and natural killer cells (NCR1, granzyme A, CD11b) in the lung. Expression of the monocyte/macrophage-specific gene Csf1r (encoding M-CSFR) was increased slightly at 2 and 3 dpi, and increased expression of the natural killer cell receptor gene Ncr1 (encoding NCR1) was detected in some sections at 2 and 3 dpi (data not shown). Expression of the neutrophil growth factor receptor gene Csf3r (encoding G-CSFR) was increased in lung sections at 3 dpi (P Ͻ 0.05) (Fig. 3A) . Neutrophil-specific granule genes (e.g., Mpo, Elane) were not significantly upregulated relative to expression in mock-infected animals (data not shown).
Neutrophils show biphasic infiltration into the lungs of IAVinfected ferrets. The major inflammatory signals in the right caudal lung sections were the neutrophil-specific gene Csf3r and the genes encoding the leukocyte chemoattractants CCL2 and CCL3. To confirm the temporal pattern of neutrophils detected by gene expression in the lungs of these ferrets, NACE staining was used to label neutrophil-specific granules. One histological preparation per lung lobe (except for the right caudal lobe, which was used for gene expression, as described above) from H1N1pdm virus-infected and mock-infected ferrets was stained and inspected for neutrophils. To estimate the number of neutrophils within the stained histological sections, image analysis software was used to determine the number of NACE-positive pixels per unit of tissue in an image (taken with a 20ϫ objective) of the NACE stained lung (expressed as the estimated neutrophil density), as described in Materials and Methods. Image analysis of sites chosen haphazardly within each tissue slice revealed that the overall density of neutrophils in the lung was at a maximum at 1 dpi (P Ͻ 0.05) (Fig.  3B) . Thus, the major peak of neutrophils did not correspond to the major peak of neutrophil-specific gene expression in the lung. The lung lobes other than the right caudal lobe showed a wide range of neutrophil densities, similarly to the gene expression data, suggesting that there were foci of neutrophil infiltration throughout the lungs.
Neutrophils may hone to specific sites of IAV infection in the lungs. To determine the precise distribution of IAV within the lungs, IHC was used to detect NP antigen in paraffin-embedded sections of the lung lobes. Infection was detected in bronchial, submucosal, and bronchiolar epithelial cells (Fig. 4A to D) but not in alveolar epithelium (not shown). IAV NP was detected in sections from all infected ferrets at 1 and 3 dpi and from one animal Each section was homogenized separately, and cDNA was synthesized for gene expression analysis. Ferret gene-specific primers were developed to cross exons, and RT-PCR was performed to identify the expression of the genes encoding leukocyte chemoattractant chemokines CCL2 (A) and CCL3 (B). Fold expression is compared to the expression of housekeeping controls (GAPDH) and to expression in mock-infected animals by using the ⌬⌬C T method. Asterisks indicate significant differences between days by nonparametric statistical tests, corrected for multiple comparisons.
at 2 dpi but not in sections from infected animals at 7 dpi. H1N1pdm virus infection was highly focal in the lung and was primarily restricted to sites in bronchioles and bronchi (Fig. 4A to  D) . Similarly, the pattern of antigen positivity matched the patterns of IAV mRNA expression, chemokine-and neutrophil-specific gene expression, and NACE staining. Counterstaining of NPlabeled sections with hematoxylin allowed the identification of increased numbers of inflammatory macrophages and neutrophils, some of which were antigen positive (Fig. 4D) , at foci of infection in the bronchioles. Therefore, neutrophils appeared to hone to the sites of infection in specific anatomic regions.
Comprehensive sampling of the lung lobes for neutrophil infiltration. The preliminary data suggested that neutrophils infiltrate the lungs and hone to sites of IAV infection, driven by chemokine gradients (e.g., CCL3). However, the data were correlative because the sampling was not comprehensive and data were obtained from different lobes (i.e., gene expression data from the right caudal lobe; neutrophil and NP staining data from the four remaining lung lobes). Therefore, we performed a second ferret study to confirm these observations using systematic histological sampling of the lung. Six female ferrets were infected with 10 6 TCID 50 s each of the H1N1pdm virus (and 2 ferrets were mock infected), and 2 animals each were euthanized at 0.25, 1, and 3 dpi. Left and right caudal lung lobes were formalin fixed, sectioned into four 0.5-cm cross sections from the hilum moving posteriorly, embedded in paraffin, and prepared for histology (three cross sections are shown in Fig. 1 ). Tissue slices were stained with NACE and were photographed to quantify neutrophils. Methodical sampling provided data for a generalized linear model to establish factors important for neutrophil distribution in the lung. Four regions from each slice were chosen blindly, and three nonoverlapping images were taken from each region to quantify the (1 ferret per time point) ferrets was taken upon euthanasia on days 1, 2, 3, and 7 postinfection and was divided into four sections. Each section was homogenized separately, and cDNA was synthesized for gene expression analysis. Ferret gene-specific primers were developed to cross exons, and RT-PCR was performed to identify the expression of a neutrophil-expressed gene (Csf3r, encoding G-CSFR) relative to the expression of housekeeping controls and to expression in mock-infected animals. Asterisks indicate significant differences between days by nonparametric statistical tests, corrected for multiple comparisons. (B) Other lung lobes (left cranial, right cranial, left caudal, and middle) taken from each ferret were prepared for IHC, and one slice from each was stained for neutrophils (NACE). Neutrophils were quantified in images (taken with a 20ϫ objective) from 3 regions on each of the NACE-stained slides by using ImageJ image analysis software. The number of NACE-positive pixels divided by the number of total tissue-containing pixels is presented as the neutrophil density. The asterisk indicates a significant difference in distribution from that in mock-infected ferrets by nonparametric statistical tests. number of NACE-positive pixels as a function of total tissue (excluding airways) per image using ImageJ (Fig. 1 ). This established a 3D grid of sampling locations within the caudal lung lobes, wherein three images were taken from locations within each caudal lung lobe (48 images per lung lobe).
Neutrophils infiltrate the right caudal lobe at early times after infection. Stepwise model testing of the generalized linear model revealed that the best-fitting model included the time postinfection, the lung lobe (left versus right), and the distance from the lung hilum. Post hoc analyses confirmed that neutrophil levels were significantly increased at 1 dpi and 3 dpi (Fig. 5A ) (P Ͻ 0.001 in the left and right caudal lobes), as in the previous study (Fig. 3B) ; however, greater neutrophil density in the lungs of infected animals than in those of mock-infected animals was found as early as 0.25 dpi (Fig. 5A ) (P Ͻ0.05 in the left caudal lobe; the difference in the right caudal lobe was nonsignificant). The distribution of neutrophils was higher in the right caudal lobes than in the left caudal lobes at 0.25 and 1 dpi (Fig. 5A ) (P Ͻ 0.001) but not at other time points. Additionally, it is noteworthy that a range of neutrophil densities was observed, yet, in general, infected animals had higher baseline levels of neutrophils in either lobe at 0.25, 1, and 3 dpi. Thus, neutrophils appeared to be focally distributed throughout the lung, and these observations (e.g., higher levels in the right caudal lobe) suggest that they are driven by IAV infection.
Neutrophil levels are increased at sites of IAV infection. To test the hypothesis that neutrophil levels were increased at foci of IAV-infected epithelial cells, IHC staining for IAV NP was performed in serial sections of NACE-stained tissues taken from the right and left caudal lobes as described above (Fig. 4) . Using NPstained serial sections as a reference, images were taken from three areas of NACE-stained tissue slices defined by their distances from NP-positive sites. First, three nonoverlapping images were taken from each antigen-positive site. For each antigen-positive site, two other sites were chosen, and three nonoverlapping images were analyzed from each site: the antigen-positive site, a site Ͻ1 cm from the antigen-positive site (within the same histology slice), and a site Ͼ1 cm from the antigen-positive site (from another histology slice within the same lobe). These three groups of images were also compared to images taken of NACE-stained mock-infected controls, and image analysis software was used to calculate the estimated neutrophil density as described above. There was no linear relationship between the distance from the focus of an infected cell and the density of neutrophils, i.e., neutrophil levels at all sites were higher than those for mock-infected control animals ( Fig. 5B ) (P Ͻ 0.01). However, a pattern was revealed by resolving the spatial distribution over time: neutrophil density was significantly greater at NP-positive sites and at sites Ͻ1 cm from known NP-positive sites at 1 dpi (Fig. 4 and 5B) (P Ͻ 0.01). There was no difference in spatial distribution at 3 dpi, and neutrophil density remained higher than that for mock-infected controls (Fig. 5B) (P Ͻ 0.01).
FIG 5 Neutrophils in the lungs of ferrets after infection with influenza A virus (H1N1pdm). Ferrets were infected with 10
6 TCID 50 s of an H1N1pdm virus isolate (A/KY/180/2010), and lung tissues were taken upon euthanasia and were processed for histology. Caudal lung lobes, taken from two infected ferrets per day (0.25, 1, and 3 dpi), were systematically divided and were prepared for histology. Neutrophils in sections histochemically stained with NACE were quantified by using image analysis software, and data are expressed as the neutrophil density (the number of neutrophil-positive pixels per total tissue pixels on each image). (A) Neutrophil density was quantified over time. Data are divided by lobe. Large asterisks indicate significant differences from mockinfected animals, and significant differences between lobes are indicated by bars with small asterisks above them (P Ͻ 0.05 by nonparametric statistical tests). (B) Influenza virus nucleoprotein (NP) was identified on histological sections by IHC. The neutrophil density was calculated from serial NACEstained sections; data were grouped according to distance from known NPpositive cells; and sites of IAV-positive cells were matched to distant sites within the same ferret (red, pink, and light-pink dots indicate NP-positive sites and sites Ͻ1 cm and Ͼ1 cm from NP-positive sites, respectively) and to sites in mock-infected animals (black dots). Data are plotted over time, and means at a given time point are indicated by lines colored according to distance (red, medium-gray, and light-gray lines for NP-positive sites and sites Ͻ1 cm and Ͼ1 cm from NP-positive sites, respectively). The asterisk indicates a significant difference between sites at a given time point. (C) Neutrophil density was calculated from pictures taken at sites of known influenza virus infection (NP positive), and data were grouped by anatomic region (alveoli, bronchioles, and submucosal [SM] glands). These images were site-matched within the same ferret (Ͻ1 cm from known IAV-positive sites) to anatomic regions that had no IAV-positive cells (NP negative). Note that NP-positive cells at alveolar sites were leukocytes and that data for mock-infected animals are not shown on this panel but are shown in panels A and B. Asterisks indicate significant differences between NP-positive and NP-negative sites.
Neutrophil levels are increased at specific locations of IAV infection.
To test the hypothesis that anatomical location explained the distribution of neutrophils after infection, sites of IAV-positive bronchi (as seen, for example, in Fig. 4A ), seromucinous glands (Fig. 4B) , and bronchioles ( Fig. 4C and D) were identified (no antigen-positive alveolar epithelial cells were detected). These sites and antigen-negative sites within the same ferret (in similar anatomic regions) were located on NACEstained serial sections, imaged (Fig. 4E to G) , and analyzed using image analysis software to calculate the estimated neutrophil density as described above. Neutrophil density was significantly higher in IAV-positive bronchioles than in controls (Fig. 4C, D, G , and H and 5C) (P Ͻ 0.01). Neutrophil levels in infected bronchi or seromucinous glands were not higher than those in antigen-negative regions (Fig. 4E and F and 5C ). Furthermore, neutrophil levels were increased in bronchioles and alveoli where no IAVpositive antigen was detected by IHC (Fig. 5C) . Interestingly, certain areas containing neutrophils in the lumens of bronchioles near IAV-positive epithelial cells had extracellular histone H3 staining (data not shown), an indicator of neutrophil extracellular trap formation (NETosis). However, there were insufficient sites of NETosis, and a lack of available reagents for the ferret model, to allow us to investigate this phenomenon further at this time.
Analysis of PET-FDG images to achieve direct spatial correspondence with histology. We have reported previously that molecular imaging of ferrets using FDG-PET showed a progressive increase in inflammation following infection with the H1N1pdm virus (correlated with bronchiolitis and bronchitis pathology scores) that was greatest in the right caudal lobe but also focally distributed throughout the other lung lobes (29) . We hypothesized that this might be due to increased inflammatory cell infiltration at sites after infection (29, (38) (39) (40) . Therefore, we injected infected ferrets with FDG and imaged them by PET-CT prior to euthanasia at 0.25, 1, and 3 dpi (Fig. 6) . Using the same ferrets in the second study, we analyzed PET-CT data similarly to histological data (i.e., with a 3D grid) in order to achieve direct spatial correspondence between the histology and the imaging. Automated airway segmentation of CT images was first performed to extract the lungs and airways from the images (Fig. 6) . Then stacked 3D image constructions were used to locate the exact positions of tissues taken for IHC by using anatomical features as references (such as the branching of bronchi, the location of the heart, and bone structure), and gross anatomical photographs taken during necropsy were also used to ensure accurate correspondence between CT and IHC. Next, automated registration of PET-CT images was performed to ensure that the images were aligned, which then allowed us to measure the uptake of FDG at sites taken for histology (Fig. 6) .
FDG uptake did not match the pattern of neutrophil infiltration. We tested whether FDG uptake was associated with sites of increased neutrophil infiltration. The stacked CT images were used to locate the regions on which NACE image analysis had been performed, and FDG uptake (expressed as SUVmax) was determined on PET images from the same regions. Globally, there was an early increase in FDG SUVmax at 0.25 dpi, which immediately decreased below the levels for mock-infected animals ( Fig. 6 and  7A ). For both the left and right caudal lobes, uptake in mockinfected animals was significantly greater than uptake in infected animals at 1 dpi (P Ͻ 0.05) (Fig. 7A) . Temporally, this did not align with the pattern of neutrophil infiltration (Fig. 5A ). Due to differences in resolution between the two modalities (PET-CT and IHC), we averaged the neutrophil density from three nonoverlapping images from each region measured by IHC and compared this to a single SUVmax from that region. Over all time points, there was no association between FDG uptake and neutrophil density (data not shown). However, there was a significant linear association between SUVmax and neutrophil density at 1 dpi, although the association was comparatively weak (R 2 ϭ 0.26) and was likely due to outliers (nonzero slope; P Ͻ 0.001) (data not shown). This finding was very surprising; therefore, we attempted to determine what was responsible for the FDG uptake, using this data set, for which we had confidence in our correspondence between PET-CT and histology.
FDG uptake did not match sites of IAV infection. We tested the hypothesis that FDG uptake occurs in sites of H1N1pdm virus infection in ferret lungs. Using an approach similar to that described above for NACE-stained sections, we measured FDG-PET uptake (expressed as SUVmax) at sites of IAV-positive cells determined by IHC. We also measured SUVmax at two other sites based on distance from IAV-positive cells: Ͻ1 cm and Ͼ1 cm from any known IAV-positive area; both were measured in regions within the same ferret lobe. There was significantly less FDG uptake at sites of IAV-positive cells than in mock-infected animals (P Ͻ 0.01 for all regions compared to mock-infected animals) (Fig. 7B ). Because this approach was also potentially confounded by the disparity in resolution between PET-CT and microscopic imaging modalities, we infected immortalized cell lines with several IAV isolates in order to test whether IAV infection may increase the uptake of glucose in vitro. We experimentally infected several human cells and cell lines (e.g., A549 cells and the welldifferentiated human bronchial epithelial cell line 16HBEoϪ), and we observed slightly increased uptake of FDG with some but not all treatments (data not shown). Thus, we may infer that increased FDG uptake in infected ferrets was not directly associated with IAV infection.
FDG uptake measured proliferation in the lungs following IAV infection. We then tested the hypothesis that proliferating cells were responsible for the increased FDG uptake in lung tissues by detecting Ki-67 protein with IHC. Ki-67 is a nuclear protein that is present in large amounts during cellular proliferation. In order to estimate the level of proliferating cells, we used a Ki-67 proliferation index ( Fig. 8; images show examples for scores 0 to 3), which is an established method for grading tumors clinically (62) . To sample the lungs, 3 images were taken for each anatomical region (e.g., bronchus, bronchiole, alveolus) from 4 stained tissue slices per ferret from both the right and left caudal lobes (2 ferrets per time point[0.25, 1, and 3 dpi]), and at least 1 slice each from the left caudal, right cranial, left cranial, and right middle lobes from each ferret (2 animals per time point [1, 2, 3, and 6 dpi]). This sampling resulted in 18 to 50 images per anatomic region per time point. Two independent observers blindly scored the images, and the scores were averaged. No significant regions of proliferating epithelium were detected in ferrets imaged at 0.25 dpi, 1 dpi, or 3 dpi; therefore, we included histological samples from the previous study described above (i.e., samples from two infected ferrets and one mock ferret were taken at each of 1, 2, 3, and 7 dpi; the right caudal lobe is excluded from these sections) (29) . Both the alveolar and bronchiolar regions had baseline levels of proliferating cells, and there was no difference between lung tissues taken from mock-infected and infected animals in these anatomical regions (not shown). However, there was an increase over time in the level of proliferating cells in the bronchi, and the Ki-67 proliferation index value at 7 dpi was significantly higher than that for mock-infected animals (P Ͻ 0.01) (Fig. 8) .
DISCUSSION
The pathology of human infection with IAV is often known only from lethal endpoints, taken at autopsy (18, 22, 45, 46) . In humans, severe IAV infection affects the lower respiratory tract and results in massive infiltration of neutrophils (22, 23) . Similarly, severe IAV disease in ferrets is characterized by early infiltration of neutrophils (17, 68) . With respect to neutrophils in the lungs during IAV infection, pathology reports from lethal human influenza pneumonia typically note the presence of suppurative necrosis, mixed cellular infiltrates, or neutrophilic infiltration (20, 22, 24, 30, 45, 46) . However, few studies have directly addressed simple Lungs from only one ferret per time point (including a mock-infected ferret at 3 dpi) are shown. Ferrets were injected with an intraperitoneal dose of radiolabeled FDG, and lungs were imaged using PET-CT 1 h later. For each image, the light pink surface corresponds to the border of the lung that was segmented from CT images by an automated CT analysis. PET-CT fusion images were used to define the uptake of FDG within the segmented lung space, and the intensity of FDG uptake is represented by small colored volumes within the lung borders. Regions of FDG uptake are colored according to voxel intensity within the FDG-PET image, as shown on the color scale on the right (from Ͻ0.05 [blue] to Ͼ0.5 [dark red]). questions about the relationship between neutrophils and IAV infection. For example, when do neutrophils arrive in the lungs following IAV infection? What is the pattern of neutrophil infiltration, i.e., is it specific to particular anatomical locations? Is it specific to sites of IAV? Or is it specific to sites of damage and necrosis? How important are the various inflammatory signals released in viral microenvironments to the activation and chemoattraction of neutrophils during IAV infection? Answers to these questions will provide a basis for answering more-important questions, such as how the severity of disease affects neutrophil infiltration (or vice versa). Severe IAV infection often results in a form of acute lung injury and may lead to the formation of acute respiratory distress syndrome (ARDS). Neutrophils are implicated both in the development of ARDS and in recovery from ARDS (41) (42) (43) . Based on mouse studies, neutrophils play an important role in protection from lethal disease during IAV infection; however, much remains unknown about the relationship between neutrophils and IAV infection in the ferret model (49-51, 53, 54) .
Although the ferret model is important for the study of IAV pathogenesis and has been used for this purpose for nearly 80 years, this model is challenging. For example, no ferret-specific reagents are commercially available, and the cross-reactive antibodies are unverified (69, 70) . To overcome the limitations in the availability of immunological reagents, we have explored the use of molecular imaging as a tool for studying the pathogenesis of IAV in the ferret lung (29) . Molecular imaging modalities, such as PET, rely on in vivo accumulation of injectable non-species-specific radioisotope-labeled probes that can be imaged in 3 dimensions, and images can be fused with CT images to provide anatomical references (65, 71) . The use of such modalities in infectious disease imaging is quickly developing (39, 65) , and preliminary data provide the foundation for the use of FDG-PET imaging in the diagnosis or prognosis of clinical cases of IAV (23, 27, 29) . To further develop this tool, and to expand the tools available for the use of the ferret model, we established a model of FDG-PET during the infection of ferrets with the H1N1pdm virus (29, 64) . To complement the comprehensive 3D nature of the images provided by PET-CT fusion, we chose a systematic sampling of the lung to measure infiltrating neutrophils in ferrets. Our sampling approach differed from methods used previously to determine the spatial and temporal dynamics of IAV infection in the ferret (21, 68, 72), which typically focused measurements to the site of infection and/or lung lesions. Additionally, we relied on gene expression in discrete sections of tissue to test changes in the viral microenvironment, because antibody-based staining of tissues (e.g., IHC) or cells (e.g., flow cytometry) is currently unavailable for nearly all desirable ferret antigens. In doing so, we were able to test many hypotheses about neutrophil infiltration following H1N1pdm virus infection.
Neutrophils migrate into the lungs early and accumulate in sites of infected bronchioles. The increase in neutrophil density in the lungs until 1 dpi may be due to an increase in chemokine transcription within specific lung microenvironments (73, 74) . Leukocyte chemoattractant chemokines, such as CXCL8, CCL2, and TNF-␣, are known to be present at sites of infection following experimental human IAV infection (47) , and levels are higher in patients with the H1N1pdm virus than in those with seasonal IAV (48, 75) . Previously, we and others have shown increased secretion of leukocyte chemoattractant chemokines (TNF-␣, CCL2, CCL3, and CXCL8) following in vitro infection of a welldifferentiated normal human bronchial epithelial cell culture with the H1N1pdm virus relative to that with seasonal IAV infection (58, 76) . In IAV-infected ferrets, we and others have shown increased expression of other leukocyte chemoattractant genes (CCL2, CCL3, and CXCL10), as well as leukocyte-specific genes (G-CSFR, M-CSFR, CD11b, and cathepsin B [CTSB]), in the blood (77) (78) (79) . Therefore, it is likely that neutrophils infiltrate the lungs after H1N1pdm virus infection by following chemokine gradients to the site of infection. Moreover, we observed that the distribution of neutrophils was higher in the right caudal lobes at 1 dpi (Fig. 5A) , which matched our observations and those of others that i.n. and aerosol challenges of ferrets with IAV show a preference for infection of the right caudal lobe (29, 30, 33) .
The specific signal that drives neutrophil chemoattraction in ferrets during IAV infection remains unknown. Here we demonstrate that CCL3 was upregulated in discrete locations within the lung that were correlated with the presence of IAV HA mRNA, neutrophils, and a neutrophil-specific gene (G-CSFR) (Fig. 2 and  3) . The significant increase in gene expression for CCL3 occurred at 3 dpi, which indicates that another chemoattractant may be more important for early recruitment at 1 dpi (Fig. 2) . Similarly, depletion of neutrophils from a mouse model of influenza virus infection decreased the amount of CCL3, suggesting that neutrophils may also be a source of this chemokine (50) . In this study, we found that ferrets did not upregulate CXCL8 following infection with the H1N1pdm virus. CXCL8 is the major chemoattractant chemokine for neutrophils during many human infections (80) . It is known that neutrophil chemoattraction is somewhat species specific and that some mammals do not possess CXCL8. For example, in mice, the chief neutrophil chemoattractant chemokines are CXCL1 and CXCL2 (81) . In humans, neutrophils display the chemokine receptors CCR1 and CCR5, which are important for their chemotaxis and oxidative burst in response to CCL3. The ferret genome contains orthologs for these gene sequences (NCBI Gene IDs, 101693329 and 101692743, respectively) (73, 82) ; however, it is not known if these are similarly expressed on ferret neutrophils. Additionally, neutrophil chemoattractants not commonly associated with viral infection, such as eicosanoid molecules (leukotriene) and complement, were not measured (44) . In general, sectioning of the lung lobe revealed the highly focal nature of inflammatory gene expression in the lungs, which matched the focal nature of viral distribution in this ferret model. Although not shown, the increased expression of IL-6 and TNF in certain sections but not others indicates a complex relationship between infection and immune response.
We measured the focal nature of infection in two ways: (i) sampling of discrete sections of a single lung lobe for gene expression and virus titration and (ii) an unbiased, semicomprehensive histological analysis of two lung lobes. By use of NACE-stained tissues, the latter approach showed a range of neutrophil densities that was greater in infected animals than in mock-infected animals. By resolving the distance from NP-positive cells over time, we showed that neutrophils become greatly enhanced at specific viral foci by 1 dpi (Fig. 5B) . We observed occasional NETosis at sites of IAV-infected cells, but we were unable to make any further statistical correlation to spatial or temporal aspects of disease without further sampling. Together, these observations indicate that neutrophils migrate to sites of IAV infection and perform their functions there. Thus, we conclude that inflammation caused by IAV was focal and was driven by the presence of IAVinfected cells, yet the entire lung experienced increased infiltration as a result of infection. This may be due to the specific migratory patterns of neutrophils through the lung to sites of inflammation (83) . The increased "background" neutrophil infiltration in infected animals (i.e., before and after 1 dpi, and away from foci at 1 dpi) was not obvious by standard hematoxylin-and-eosin IHC: neutrophils were uniformly distributed throughout the lung at a density that was quantifiably greater than that in mock-infected controls.
By using the histochemical stain NACE, we detected two waves of neutrophils following H1N1pdm virus infection. As discussed above, the peak of the first wave occurred at 1 dpi and was concentrated at sites of influenza virus infection. A second wave of neutrophils was detected at 3 dpi, by both NACE staining and gene expression signatures. This biphasic pattern of neutrophils following H1N1pdm virus infection has been reported elsewhere (68) . Neutrophil-specific transcriptional markers were detected in lung microenvironments only at 3 dpi (e.g., Csf3r [encoding the G-CSF receptor], and Itgam, encoding the alpha M subunit of the Mac-1 integrin leukocyte activation marker CD11b) (Fig. 3) . Thus, there appear to be two different pools of neutrophils invading the lung following infection, which differ in their gene expression status, and the second may be responding to or producing CCL3. Currently, it is thought that steady-state neutrophils are mature, terminally differentiated cells with limited cell-specific gene regulation; e.g., mature neutrophils have preformed granules, but neutrophils themselves are capable of gene transcription in response to certain stimuli (84, 85) . This may explain why gene expression of neutrophil granule contents was not detected (MPO, ELANE, CTSB). We hypothesize that the first wave, at 1 dpi, consists of mature neutrophils and that the second, at 3 dpi, represents a more immature population, perhaps as a result of emergency granulopoiesis, that has been recruited to the lung from the bone marrow as a direct result of IAV infection and systemic inflammation and thus contains mRNA for the neutrophil growth factor receptor, G-CSFR (44, 86) . Additionally, these gene signatures provide support for the biphasic infiltration of neutrophils observed in other lung lobes, showing a relationship between systemic activation and recruitment of neutrophils and their subsequent concentration at specific viral microenvironments. These observations should be studied further, since these findings may indicate distinct functions of these two pools of neutrophils.
The lung is a known reservoir of steady-state neutrophils, perhaps due to the large blood volume of the lung capillaries (44, 87, 88 ). An early increase in airway and circulating blood neutrophil levels is a feature of IAV infection in humans (45, 46) and is common in experimental IAV infection in mice (17, 55, 57) and ferrets (32, 68, 89) . We show that this happens as early as 6 h postinfection ( Fig. 5A and B) . However, increased numbers of neutrophils in the lower airways have been correlated with increased influenza disease severity (17, 21, 53, 68, 77) , and fewer neutrophils are found in the lungs of ferrets infected with virus isolates causing less-severe influenza disease (68, 89) . Excessive neutrophil infiltration may contribute to acute lung injury by causing alveolarcapillary damage (17, 50, 54) . Conversely, neutrophils are essential to recovery from IAV infection as part of the innate immune response as well as the adaptive immune response (49, 51, 52, 90) . For example, depleting mice of neutrophils prior to IAV infection leads to increased viral replication and more severe clinical disease (53) . This suggests that the balance between damage from excessive neutrophil infiltration and the generation of controlled immune responses during IAV infection is a critical determinant of disease outcome. This study shows a unique pattern of neutrophils and suggests that they are honing to specific sites of infection and inflammation during H1N1pdm virus infection. It is not known how these patterns of infiltration will change in response to a more severe IAV infection or to infection with an HPAI virus that causes immune dysregulation.
As it pertains to our findings, a majority of research on neutrophils has been centered on their relationship to acute injury (particularly acute lung injury) and bacterial infection (reviewed in references 41 to 43). Indeed, pulmonary bacterial coinfections are clinically common during and following IAV infection and are thought to represent the major risk factor for mortality from an IAV infection. Bacterial coinfection was not evident in any of the ferrets examined by histopathology. No further effort was made to detect bacteria (e.g., by PCR, IHC, or direct culture), since commensal bacteria are known to exist throughout the respiratory tract, and any pathogenic bacterial infection would be distinctive on histopathology. Further, our methodology for ferret husbandry and i.n. infection is in line with contemporary standards, and we would not expect bacterial coinfection to occur in this controlled laboratory model. Previous studies have shown that neutrophils are capable of recognizing IAV and IAV-infected cells (91) (92) (93) (94) , although discrepancies in data suggest that neutrophil responses to IAV are dependent on the viral strain (92) (93) (94) (95) . Interest in the role of neutrophils in viral disease is quickly growing (56, (96) (97) (98) , and the topic deserves further research.
We have hypothesized that increases in FDG uptake following infection are due to increases in inflammatory cell infiltration into the lungs (29, (38) (39) (40) . Large FDG lesions (SUVmax, Ͼ3) begin to be detected in the lungs of IAV-infected ferrets at 3 dpi and increase (SUVmax, Ն5) until 7 dpi (29) . However, the density of neutrophils in the lung did not match the temporal or spatial pattern of FDG uptake in the lung. We previously reported greater uptake of FDG in the right caudal lung compared to that in other lobes, where we and others have found increased viral replication and neutrophil infiltration (29, 30, 33) . Another hypothesis to explain increased FDG uptake is that IAV increases cellular glucose metabolism (99) . We found that infection with IAV isolates caused an increase in FDG uptake by immortalized human epithelial cell lines (A549) in vitro but not by differentiated human bronchial epithelial cells (16HBEoϪ) (29, 58 ; also data not shown). Increased glucose levels promote the acidification of cellular endosomal compartments, a step required for IAV infection of cells (99, 100) . In hospital clinics, FDG is used to detect metabolically active tumors throughout the body, including the lungs, as it is taken into cells through glucose transporters and accumulates (71, 101, 102) . In this study, we did not detect an increase in the gene expression of GLUT1 (Slc2a1) or GLUT4 (Slc2a4) in lung tissues (data not shown). Thus, we could not detect IAV-dependent increased glycolysis in vivo via uptake of FDG at the times tested in this study (Fig. 7) . We have reported gradually increasing FDG uptake until 7 dpi (SUVmax, Ͼ5) (29), a time point after IAV is cleared from the lungs. Therefore, we cannot support the hypothesis that FDG uptake is directly related to neutrophil infiltration or inflammation within the IAV-infected microenvironment.
We tested the hypothesis that FDG uptake was related to lung regeneration and repair after IAV-induced injury and inflammation. IHC staining for the nuclear antigen Ki-67 detects cells undergoing proliferation (i.e., cells in the S, G 2 , and M phases of the cell cycle) (103) and is used on biopsy tissue as a diagnostic tool to confirm a tumor diagnosis or the presence of neoplastic tissue (104) . In lung cancer, Ki-67 staining is known to be correlated with FDG uptake measured by PET imaging (105, 106) . We found a low background of cell proliferation in the lungs, especially in bronchioles, but a higher level in alveolar spaces. There was a marked increase in the proliferation of cells within the bronchial epithelium up to 7 days after infection with IAV (Fig. 8) . This matches the timing of FDG uptake in ferrets seen previously (29) and corresponds to the increase in bronchiolitis and the presence of bronchiolar cytonecrosis, which was replaced by metaplastic bronchiolar epithelium beginning as early as 3 dpi (detected fully at 7 dpi). It is still not known whether proliferating cells contribute to the early FDG uptake (Ͻ3 dpi) in infected ferrets. Small foci of FDG are often seen in locations within the thorax soon after infection. This may indicate the initiation of an adaptive immune response (e.g., the FDG uptake is due to activated migratory dendritic cells within mediastinal lymph nodes).
The often extensive cytonecrosis of the airway epithelium, followed by metaplasia of pneumocytes and large airway epithelium (depending on the severity of disease), is a common feature of infection by many IAV subtypes, including the H1N1pdm virus (22, 46) . Normally, lung cells are quiescent and enter the cell cycle only after infection and injury, as part of the regeneration process (reviewed in reference 107). We have reported a significant enrichment of genes associated with cellular proliferation in primary human bronchial epithelial cell culture after IAV infection and found lower virus replication in undifferentiated than in welldifferentiated bronchial epithelial cells (58) . Others have shown that ferrets infected with mild seasonal viruses, but not HPAI viruses, also show significant enrichment of genes involved in cellular growth and proliferation (108) . Recently, IAV has been used to elucidate the method by which the distal airways rebuild from basal stem cell-like cells, a process that may continue for as long as 1 month postinfection (109) . Our studies suggest that FDG could be used to probe the recovery of the lungs after infection. Such data could be valuable for screening compounds that assist in the repair and regeneration of the lungs during this sensitive time.
Conclusions.
The microenvironmental dynamics of IAV infection are important for controlling virus replication, inflammation, and disease progression (13, 14, 25, 78, 91) ; however, processes of inflammation extend beyond the site of infection (17, 18, 35, 53) . Whereas in vitro experimental approaches are important for defining cellular and subcellular effects of virus infection, welldefined relevant animal models are essential for understanding how these cellular interactions define organ and organismal responses to infection (14, 15, 31, 77) . These data support the importance of the whole-organ response to infection and of immunological changes that occur at viral foci. Neutrophils migrate into the lungs early and accumulate in sites of infected bronchioles, potentially responding to chemokines released by IAV-infected cells. A second wave of neutrophils, which have altered gene expression profiles suggesting differences in maturation/phenotype, is detected at 3 dpi. Live imaging of infected ferrets suggested increased FDG uptake at sites of cellular proliferation, and not necessarily at sites of leukocytic infiltration. Future studies should address several questions raised by the data presented here, such as the site-specific actions of neutrophils, the mechanism behind the biphasic temporal distribution, and the phenomenon of epithelial regeneration in the context of the entire lung or the entire organism during infection.
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